We investigated the pattern of spatial genetic structure and the extent of gene flow in the pitcher plant flesh fly Fletcherimyia fletcheri, the largest member of the inquiline community of the purple pitcher plant Sarracenia purpurea. Using microsatellite loci, we tested the theoretical predictions of different hypothesized population models (patchy population, metapopulation, or isolated populations) among 11 bogs in Algonquin Provincial Park (Canada). Our results revealed that the pitcher plant flesh fly exhibits a mixture of patchy and metapopulation characteristics. There is significant differentiation among bogs and limited gene flow at larger spatial scales, but local populations do not experience frequent local extinctions/recolonizations. Our findings suggest a strong dispersal ability and stable population sizes in F. fletcheri, providing novel insights into the ecology of this member of a unique ecological microcosm.
Pitcher-shaped leaves of the carnivorous purple pitcher plant (Sarracenia purpurea L.) are the exclusive habitat for larval development of a group of dipteran insects that includes the pitcher plant flesh fly (Fletcherimyia fletcheri Aldrich 1916), midge (Metriocnemus knabi Coquillett 1904) , and mosquito (Wyeomyia smithii Coquillett 1901) , and also represent the habitat of specialized mites, rotifers, and bacteria (Harvey and Miller 1996; Dahlem and Naczi 2006) . This biological microcosm has been recognized as a strong candidate model system in ecology (Srivastava et al. 2004) and it has been used in metacommunity (e.g., Buckley et al. 2004 , Buckley et al. 2010 Holyoak et al. 2005; Mouquet et al. 2008 ) and landscape ecological research (Krawchuk and Taylor 2003; Trzcinski et al. 2003) . Furthermore, this system is useful for addressing questions of spatial scale in population and landscape genetic research (Rasic and Keyghobadi 2012) . Dispersal and gene flow are the key processes underlying the conceptual framework of the aforementioned studies, yet data on these processes for the resident species in this system are still very limited. Here, we investigate the spatial population structure in the largest of the pitcher plant insects, the pitcher plant flesh fly F. fletcheri. Using selectively neutral microsatellite genetic markers to estimate how genetic variation is distributed among and within populations, we also infer scales of gene flow and dispersal in this species.
Throughout its life cycle, F. fletcheri is very closely associated with the purple pitcher plant that is found within peatlands throughout Eastern North America (Schnell 2002) . The fly's larval development occurs exclusively within plant leaves (i.e., "pitchers") over the summer, and the larvae possess a uniquely large cuplike posterior spiracular pit that enables them to float at the liquid surface and feed on newly drowned prey (Johansen 1935) . The peat moss surrounding the pitcher plants serves as an overwintering habitat for the diapausing pupae (Forsyth and Robertson 1975) . Adult flies use the pitcher plant flower heads as overnight roosting sites and mating locations (Krawchuk and Taylor 1999) . Therefore, F. fletcheri populations exist only where bogs with S. purpurea plants are found. Bogs form discrete habitat patches within a forested landscape, leading to the patchy occurrence of the flesh fly populations. Within bogs, pitcher plants also exhibit a patchy spatial distribution (Krawchuk and Taylor 2003) .
Populations in nature are often spatially subdivided, because of either natural spatial heterogeneity of the habitat, as in F. fletcheri, or fragmentation of a previously continuous habitat. Three main models describe the organization and dynamics of spatially subdivided populations (Mayer et al. 2009 ): 1) patchy population, 2) metapopulation, and 3) isolated populations. Patchy populations are characterized by high connectivity among subpopulations, and essentially function as a single population with little potential for the local extinction of any given subpopulation (Harrison 1991) . Metapopulations occupy partially isolated habitat patches that support local breeding populations, with extinctions and recolonizations dynamically occurring within such local populations (i.e., subpopulations). Metapopulations are thus characterized by intermediate connectivity among subpopulations and turnover within them (Levins 1970) . Finally, the third model considers subpopulations that are isolated and independent from each other. In this model, habitat patches in which local extinctions occur would not be recolonized (Frankham et al. 2002) .
The 3 population models make contrasting predictions regarding the extent of dispersal, and hence gene flow, among subpopulations with consequences for the distribution of genetic variability within and among local subpopulations (Mayer et al. 2009, summarized in Table 1 ). The patchy population model predicts absence of genetic differentiation among local subpopulations and the entire patchy population (i.e., collection of all subpopulations) should be in Hardy-Weinberg equilibrium. Therefore, Bayesian clustering algorithms (Pritchard et al. 2000) that do not assume any preconceived number of subpopulations should produce a single genetic cluster. Because of the homogenizing effects of high rates of dispersal and gene flow, isolation-by-distance (Wright 1943 ) among subpopulations should be absent. Also, subpopulations within a patchy population usually retain stable effective population sizes and do not undergo genetic bottlenecks.
The metapopulation model predicts limited dispersal, and hence gene flow, among subpopulations, typically in a distance-dependent manner (i.e., reduced gene flow at greater distances between subpopulations). Therefore, a metapopulation should be characterized by significant genetic differentiation among some subpopulations and a pattern of isolation-by-distance. The total metapopulation should exhibit a significant heterozygote deficit (i.e., deviation from Hardy-Weinberg equilibrium known as the Wahlund effect), because of the pooling of genetically differentiated samples (Wahlund 1928) , and should contain more than 1 genetic cluster. Local subpopulations may undergo extinction/recolonization events (Hanski 1999) , and some should therefore exhibit detectable signals of recent genetic bottlenecks.
Finally, the isolated population model assumes no gene flow among subpopulations, leading to very high genetic differentiation among all of them, and a consequent high heterozygote deficit at the total population level. Because of random changes in allele frequencies (i.e., genetic drift) within subpopulations and absence of the homogenizing effect of gene flow, the level of genetic differentiation among subpopulations is not correlated with the geographic distance among them, thus isolation-by-distance should not be present (Hutchinson and Templeton 1999) . The number of distinct genetic clusters should correspond to the number of subpopulations. Finally, the extent to which one might detect a signal of a bottleneck should be a function of local dynamics and whether there are significant local fluctuations in population size, rather than an extinction-recolonization process.
Direct estimates of dispersal ability of F. fletcheri, based on a small mark-recapture experiment, showed that adults readily move within a bog and have the potential for fluent movement among bogs (Krawchuk and Taylor 2003) . Thus, the available ecological data suggest that F. fletcheri populations should exhibit a patchy population structure within bogs, and either patchy or metapopulation structure among bogs. In this study, we used genetic data to assess the spatial population structure in F. fletcheri and to test theoretical predictions of the 3 population models. To that end, we used microsatellite markers specifically developed for this species (Rasic and Keyghobadi 2009 ) and both individual-and population-based analyses to explore the patterns of neutral genetic diversity and differentiation, levels of gene flow, effective population sizes, and signs of bottleneck events in F. fletcheri samples. We employed a hierarchical sampling design and examined genetic patterns: within a bog, within a group of closely situated bogs (i.e., system of bogs), and among 2 such groups of bogs located in Algonquin Provincial Park (Ontario, Canada). 
Materials and Methods

Study Area and Species
Algonquin Provincial Park (UTM: 17N 687337E 5046853N) is in an area of transition between northern coniferous forest and southern deciduous forest. These forests are dominated, respectively, by: 1) white pine (Pinus strobus) and red pine (Pinus resinosa), poplar (Populus spp.) and white birch (Betula papyrifera); and 2) sugar maple (Acer saccharum), American beech (Fagus grandifolia), hemlock (Tsuga canadensis), red oak (Quercus rubra), and yellow birch (Betula alleghaniensis). Bogs are found within this forest matrix, and many of them contain S. purpurea and its associated commensal arthropod inhabitants. Bogs represent peat-covered wetlands in which the vegetation shows the effects of a high water table and a general lack of nutrients. Because of poor drainage and the decay of plant material, the surface water of bogs is strongly acidic. Dominated by sphagnum mosses (Sphagnum spp.) and heath shrubs (leather leaf Chamaedaphne calyculata, labrador tea Rhododendron groenlandicum, cranberries Vaccinium spp.), the bogs also contain tamarack (Larix laricina) and black spruce (Picea mariana; Tiner 1999). We sampled F. fletcheri (Diptera: Sarcophagidae) from 11 bogs located in an area of approximately 26 × 10 km in Algonquin Provincial Park. These included 2 groups of 5 closely spaced bogs (0.2-7.0 km apart in a mixed forest matrix), each of which constitutes a "system." These 2 systems (SYS1 and SYS2) were 26-km apart. The 11th bog (TT) was located in between the 2 systems ( Figure 1 ).
Fletcherimyia fletcheri has one generation per year at this latitude (Rango 1999) . Adult emergence and mating occur during late spring and summer (Rango 1999; Krawchuk and Taylor 2003) . Females are viviparous and deposit only one larva per leaf because larvae exhibit strong cannibalistic behavior (Forsyth and Robertson 1975) . During early fall, larvae exit the pitchers and move to the surrounding moss, where they pupate and enter the overwintering diapause (Dahlem and Naczi 2006) . Population genetic diversity and structure have never been investigated in this species.
Sampling and Genotyping
Bogs in Algonquin Provincial Park were sampled during August 2008 and August 2009, with 6 of 11 bogs being sampled in both years ( Table 2 ). The locations of all sampled larvae were recorded to within 0.5 m using a high-accuracy GPS receiver (Trimble GeoXH, Sunnyvale, CA). Larvae were removed from the pitchers using plastic pipettes and were placed individually in absolute ethanol at −20 ºC until the DNA was extracted. We used the DNeasy blood and tissue kit (QIAGEN, Germantown, MD) to extract genomic DNA from each individual and genotyped them at 12 microsatellite loci developed specifically for this species (GenBank accession numbers: GQ300842-GQ300853; Rasic and Keyghobadi 2009). We amplified these loci using the protocols described previously (Rasic and Keyghobadi 2009 ; see Supplementary  Table 1 ). Sizing of PCR products was done on a 3730 genetic analyzer using Genemapper software (Applied Biosystems, Carlsbad, CA) with LIZ-500 size standard. The total data set consisted of 12 loci scored in 636 individuals from 11 bogs sampled over 2 years (2008 and 2009) (Table 2) .
Microsatellite Variation and Genetic Differentiation
Genotypic data were initially tested for the presence of null alleles and other scoring errors using Microchecker version 2.2.3 (van Oosterhout et al. 2004) . Genetic variation in each bog was assessed using: allelic richness averaged over loci and corrected for the sample size (A), expected heterozygosity (H E ), and fixation index (F IS ; tested for significant deviation from zero using 1000 permutations) in FSTAT version 2.9.3 (Goudet 2001 ). This program was also used to test for the presence of linkage disequilibrium for all possible pairs of loci in each bog sample, and globally for each pair of loci across all bogs. Differences in allele frequencies between bogs, as well as between temporal samples from the same bog, were tested using an exact probability test in GENEPOP (Raymond and Rousset 1995) .
Spatial and temporal partitioning of genetic variation was examined using the hierarchical analysis of molecular variance (hierarchical AMOVA). We employed the package HIERFSTAT for the statistical software R (Goudet 2005) , which computes variance components and moment estimators of hierarchical F-statistics for multiple nested levels in a single analysis. We used 1000 randomizations to determine the statistical significance of genetic differentiation at a given level, while controlling for the effects at other levels. First, for the 6 bogs sampled in 2 years, the hierarchical AMOVA was computed considering bogs (level 3) nested within 2 systems (level 2) that are nested within 2 years of sampling (level 1). A temporal effect on genetic differentiation was tested by permutating "systems" between "years." A large spatial scale genetic effect (within the total study area) was tested by permutating "bogs" between "systems," but keeping them within "years." Analogously, a smaller spatial scale effect was tested by permutating individuals between "bogs," but keeping them within "systems." Second, spatial genetic variation was assessed among all 11 bogs (within 2 systems and TT bog), with temporal samples from the same bog being pooled.
Population genetic structuring was also evaluated with the individual-based clustering method of Pritchard et al. (2000) in STRUCTURE 2.3.3, which uses a Bayesian approach to detect potential genetic structure without assuming such a pattern a priori. The method assigns individuals to a user-defined number of genetic clusters (K), in such a way as to minimize the departures from the Hardy−Weinberg expectations and linkage equilibrium. This method uses a Markov Chain Monte Carlo procedure to estimate the log probability of data P(X|K) for each value of K, and it also calculates the proportion of membership (Q) to each cluster (K), for each individual. We implemented the procedure with: no prior information on origin or sampling location of the individuals, admixture model, correlated allele frequencies among populations, a burn-in period of 10 000 steps, and a chain length of 10 5 . The calculations were performed for each K between 1 and 11, with 5 runs per K. The optimal value of K was estimated: 1) based on the highest value for ln likelihood of K (ln P[K]), and 2) following ∆K method by Evanno et al. (2005) in Structure Harvester version 0.6.6 (Earl 2011).
Isolation-by-Distance (IBD)
We tested for the presence of IBD between pairs of bogs by estimating the correlation between the matrix of transformed genetic distances (F ST /[1 − F ST ]) and the matrix of log transformed geographic distances. The significance was estimated using a Mantel test with 10 000 permutations in the program IBDWS (Bohonak 2002) . Geographic distances were computed as the minimal Euclidean distances between the edges of bogs in ArcGIS 9.3 from 30m resolution vector maps (Wetland class from Land Cover, Circa 2000, Agriculture and Agri-Food Canada) and Google Earth images. In this analysis, available temporal samples for six bogs were pooled.
Estimates of Effective Population Size and Immigration Rate
We estimated effective population sizes (N e ) within bogs using 3 different methods. Method 1 employs approximate Bayesian computation to estimate N e given summary statistics from a single sample of genotypes, in program ONeSAMP (Tallmon et al. 2008) . Lower and upper bounds on the prior for N e were set at 2 and 1000, respectively. For the 6 bogs that had temporal samples, we used the program MLNE 2. The program tests for recent population size reductions using allele frequency data, under the assumption that such an event leads to a disproportionate reduction in allelic diversity relative to heterozygosity. Data were tested under all three microsatellite mutation models: the Infinite Allele Model (IAM), the step-wise mutation model (SMM), and the 2-phase model (TPM).
Results
Microsatellite Variability
The initial analyses in Microchecker (van Oosterhout et al. 2004) detected excess homozygosity at loci FF217 and FF104 consistently across samples, which indicated the presence of a null allele at each of these loci. The estimated frequencies were as high as 0.36 and null homozygote individuals were detected. Therefore, these 2 loci were excluded from any further analysis. We detected a moderate level of genetic diversity at the remaining ten loci, with average allelic richness ranging between 3.88 and 4.42, and average gene diversity between 0.45 and 0.52 (Table 2 ). The 2 systems of bogs and the TT bog did not significantly differ in any of these measures. All bogs were in Hardy−Weinberg equilibrium after Bonferroni correction (Table 1; Supplementary Table 2 ). This indicated little genetic structure within bogs and confirmed the bog as an appropriate unit of analysis. Significant linkage disequilibrium was not detected for any pairs of loci in any of the samples.
Genetic Differentiation over Time and Space
None of the 6 bogs in which temporal samples of F. fletcheri were taken showed significant changes in allele frequencies over the 2 years (P = 0.133-0.957 for exact probability tests). This was consistent with the hierarchical AMOVA results that revealed no significant temporal effect on partitioning of variance and differentiation for the same 6 bogs within the study area (variance component of -0.015 (Table 3a) ; F time/ Total = 0.003, P = 0.755; Table 4 ). Here, the negative variance component simply indicates that the predictor (time) performs more poorly than random value. However, a spatial effect was significant at both large and smaller scales, indicating significant genetic differentiation between systems (F system/time = 0.002, P = 006, Table 4), as well as between bogs within each system (F bog/system = 0.01, P = 0.001; Table 4 ). Analysis on all 11 bogs confirmed small but significant differentiation between systems (F system/Total = 0.004, P = 0.019; Table 4 ) and bogs (F bog/system = 0.014, P = 0.001; Table 4 ).
The cluster analysis performed in STRUCTURE suggested weak differentiation among the 11 Algonquin Provincial Park sites. Namely, the highest value of ln P(K) was for K = 1, but the highest ∆K value was for K = 3 (Table 5) , leaving the inference of true K ambiguous. When K was set to equal 3, for each Table 3 Hierarchical analysis of molecular variance in Fletcherimyia fletcheri for (a) 6 bogs with available temporal samples and (b) all 11 bogs with pooled temporal samples. The output from HIERFSTAT (Goudet 2005) contains overall variance components partitioned across levels. Level time was absent from the second analysis (b). Each value in the table indicates differentiation among levels of the corresponding "column" within levels of the corresponding "row." For example, the F-statistics measuring differentiation among bogs within systems is 0.010 (6 bogs) and 0.014 (11 bogs). The most important values are found in the last line above the empty cells. These values that are significantly greater than zero are shown in bold. The significance of genetic differentiation at each level (while controlling for the effects at all other levels) was determined using 1000 permutations.
Time System Bog Individual Error
individual the proportion of membership (Q) to each genetic cluster was always nearly equal (Q ~ 1/K). The assignment of individuals was thus not dependent on their sample of origin.
Spatially Limited Gene Flow
Isolation-by-distance was not significant among bogs within either system (r = 0.182, P = 0.247 in SYS1; r = 0.288, P = 0.083 in SYS2). When TT bog was included in the analysis with SYS2, IBD was highly significant and a high proportion of variation in genetic distances was explained by the simple straight-line distances of up to 10 km (r = 0.817, P = 0.011). The IBD pattern was marginally significant among bogs from SYS1 and TT bog, which are up to 16-km apart (r = 0.586, P = 0.058). When all 11 bogs were used for the analysis, the IBD pattern was again highly significant (r = 0.253, P = 0.008).
Effective Population Size and Bottleneck Analysis Methods 1 and 3 produced similar values for N e and N e_open , respectively, with larger 95% confidence intervals for N e_open (Table 6 ). Estimated mean effective population sizes ranged between 18 and 135 individuals. Estimated means for N e_ closed (under the model of bog isolation, i.e., no immigration) approached 1000 individuals (i.e., the maximum possible as determined by analysis parameters) in all but 2 bogs. A signal of a recent bottleneck was not detected in any of the bog samples from Algonquin Provincial Park.
Discussion
Analysis of genetic variation within and among bogs using 10 microsatellite loci indicates that the spatial genetic structure in the pitcher plant flesh fly follows characteristics of both patchy population and metapopulation models. Individual bogs contained moderate genetic diversity and did not deviate from Hardy-Weinberg expectations. Consistent with the predictions of the metapopulation model, differentiation among bogs was small but highly significant (F bog/system = 0.014, P = 0.001; A small mark-recapture experiment in F. fletcheri that did not extend beyond bog's edge estimated a maximum dispersal distance of 184 m, but suggested a potential for much larger dispersal distances (Krawchuk and Taylor 2003) . However, a negative relationship between bog isolation and larval abundance in the same study also indicated that the distance among bogs could still restrict F. fletcheri movement (Krawchuk and Taylor 2003) . Genetic results from our study are congruent with these ecological findings, as isolation by distance was significant but only at larger spatial scales (10-26 km). For comparison, in the house fly (Musca domestica K is the number of clusters used in the STRUCTURE simulation. Mean and standard deviation for the probability of data given K (ln P(K)) were calculated from 5 runs. The most likely number of genetic clusters (K = 1 or K = 3 are italicized).
L) significant IBD among samples was detected at distances over 100 km (Chakrabarti et al. 2010) . Lack of IBD among bogs at a smaller spatial scale (i.e., within systems) in F. fletcheri may be explained by a small number of samples in the analysis (5 bogs per system), or absence of local drift/gene flow equilibrium. The most likely explanation however is that gene flow among bogs within the systems remains sufficiently high to prevent the formation of IBD, whereas gene flow between systems is limited. Significant gene flow among nearby bogs was also indicated by the estimates of effective population sizes. Joint short-term temporal estimates of N e_open and m (Method 3) revealed high immigration rates into a bog (m = 0.32-0.67) and mean values for N e_open that were comparable to the mean one-sample point estimates of N e (Method 1, Table 6 ). When migration was ignored in the short-term temporal estimates (Method 2), mean N e values across populations were substantially higher (N e_closed = 182-1000). Discrepancies between N e_open and N e_closed have been found in several different studies, where N e_open is always lower than N e_closed in the order of 1.4-87 times (see Fraser et al. 2007 ). An explanation for such a consistent direction in the ratio of the 2 estimates across different systems can be related to the fact that temporal allele frequency changes within populations are significantly affected by immigration, where higher rates of immigration can compensate the effect of drift in the short term, leading to the overestimation of N e_closed (Fraser et al. 2007 ). In the long-term, constant migration and drift approach an equilibrium at which allele frequency changes in a population reflect such changes in the entire metapopulation, leading again to an overestimate of population N e if migration is ignored (Wang and Whitlock 2003) . Thus, the higher N e_closed estimates in this and other studies imply that the migration into subpopulations (bogs in this case) is often high enough, and genetic differentiation from source populations is low enough, which lead to a substantial overestimation of N e if migration is ignored (Fraser et al. 2007) .
Given the existence of IBD and small F ST values, it is not surprising that the STRUCTURE algorithm gave ambiguous results: no structure (K = 1) according to the maximum ln P(K) criterion, or 3 genetic clusters (K = 3) according to the ∆K criterion (Table 5 ). The assignment probabilities for F. fletcheri individuals were almost equally distributed among any given K, making the interpretation of the true extent of differentiation among bogs challenging. The underlying STRUCTURE model is not well suited to data under the scenario of IBD, where it is expected that most individuals have mixed membership in multiple groups (Schwartz and McKelvey 2009) . Therefore, based on the STRUCTURE results, it is difficult to differentiate between the patchy and metapopulation models of population structure in F. fletcheri.
Populations of F. fletcheri, in the Algonquin Provincial Park study area at least, appear not to undergo any "turnover" at the bog scale. Stable local dynamics of F. fletcheri populations is perhaps not surprising, given the distinct life history characteristics of the species. This insect has a K reproductive strategy, with a fecundity up to 17 times lower than in other sarcophagids (Forsyth and Robertson 1975) . On average, females produce only 10 larvae that are territorial and cannibalistic, requiring that females leave a single larva per leaf (Forsyth and Robertson 1975) , while choosing fresh and large leaves (Krawchuk and Taylor 2003) . Bogs in Algonquin Provincial Park provide stable and abundant breeding habitat for F. fletcheri larvae, which occupied between 2.3% and 6.0% of the inspected leaves. These percentages appear very consistent in this species, as Krawchuk and Taylor (2003) detected larvae in 5% of the sampled leaves within bogs in Newfoundland (Canada). Investment into a few offspring, larval requirements well below the habitat's carrying capacity, and a relatively unvarying environment may all contribute to stable population dynamics in F. fletcheri.
Overall, among bogs, the pitcher plant flesh fly exhibits both metapopulation and patchy characteristics: significant spatial genetic structuring, limited dispersal and gene flow at larger spatial scales, but populations do not experience frequent local extinction/recolonization. In practice, it is very difficult to clearly distinguish metapopulations with true local extinction from patchy populations where extinction is absent or unimportant (Harrison 1991) . In the case of the pitcher plant flesh fly, there seems to be little variation in the persistence of local populations at the bog scale, hence despite some limitation on dispersal, its regional population dynamics may be more akin to those of patchy populations. The future task remains to tease apart the importance of the "rescue" effect of moderately high levels of gene flow among bogs from their inherent stability in the abundant and stable habitat.
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